Conventional methods for screening promoters in anaerobic bacteria are generally based on detection of enzymatic reactions and thus usually complicated or strain specific. Therefore a more efficient and universal method will be valuable. Here, using cellulolytic bacteria Clostridium cellulolyticum H10 as a model, we employed an oxygen-independent flavin-based fluorescent protein (FbFP) derived from Pseudomonas putida as a quantitative reporter for the screening of promoter via monitoring fluorescence intensity. The stability and reliability of FbFP fluorescence were proven by the high correlation (R 2 = 0.87) between fluorescence intensity and abundance of FbFP. Moreover, two endogenous promoters with exceptional performance were identified and characterized, including a constitutive promoter p3398 and an inducible promoter p1133. Compared to the existing reporter systems widely used in clostridia, this FbFP-based method is more rapid, intuitive and versatile, and the endogenous promoters reported here should enrich the synthetic biology toolbox for this and related organisms.
Introduction
Clostridium cellulolyticum H10 is a typical mesophilic, anaerobic and cellulolytic bacterium (Petitdemange et al., 1984) , and has been one model strain for studying bacterial degradation of cellulose (Hemme et al., 2010; Xu et al., 2013; . This bacterium produces extracellular enzymes assembled in high-molecular-mass complexes named cellulosome, which hydrolyze plant cell wall polysaccharides into simple sugars (Blouzard et al., 2010; Fendri et al., 2013; Madarro et al., 1991) . In addition to cellulose, it grows on a wide variety of carbohydrates, including soluble cellodextrins, glucose, xylan, xylose, arabinose, fructose, galactose, mannose and ribose (Mohand-Oussaid et al., 1999; Petitdemange et al., 1984; Saxena et al., 1995) . With the completion of genome sequencing (Hemme et al., 2010) and transcriptome analysis under various carbon sources (Xu et al., 2013) , C. cellulolyticum H10 has also been widely employed for dissecting regulatory machinery in cellulose hydrolysis (Desvaux, 2005) , as well as for exploring biotechnological applications in industry (e.g. Consolidated Bioprocessing, which combines cellulase production and ethanol production in a single bioreactor) (Higashide et al., 2011; Lin et al., 2011; Lynd et al., 2005) .
Genetic engineering of C. cellulolyticum H10 is crucial for its potential as chassis for synthetic biology. Genetic tools such as DNA transfer (Tardif et al., 2001) , heterologous expression (Guedon et al., 2002) , mobile Group-II intron targeted gene inactivation system (Cui et al., 2012; Li et al., 2012) and Cas9-based genome editing technology usually demand access to a repertoire of both constitutive and inducible promoter systems. However, despite the very limited number of promoters derived from Clostridium acetobutylicum ATCC 824 (Cui et al., 2012; Mingardon et al., 2011; Shao et al., 2007) , there has been a paucity of endogenous promoters that require no introduction of additional regulators in C. cellulolyticum H10 (Pyne et al., 2014) . Therefore, it is urgent to develop efficient endogenous promoters in C. cellulolyticum.
As measurement of promoter activities relies on efficient and quantitative reporter expression, the development of reporters plays a key role in screening of promoters. To date, numerous reporters have been discovered, including alkaline phosphatase (AP) (Shiraiwa et al., 2007) , chloramphenicol acetyltransferase (CAT) (Schwarz et al., 2004) , luciferases (lux reporter system) (Feustel et al., 2004; Phillips-Jones, 2000) , β-galactosidase (β-gal) (Feustel et al., 2004) , fluorescent proteins (Yarbrough et al., 2001; Zhao et al., 2005) , and β-lactamase (Campbell, 2004) . These reporters can be divided into two classes: one is enzymatic reaction based reporters (ERBRs), and the other is based on spontaneous fluorophore (i.e., Green Fluorescent Protein (GFP)). For ERBRs, there are limitations as follows: i) complicated process, for the widely used GusA assay, at least three steps were involved, including cell lysis by sonication, enzymatic reaction of substrates and fluorescence intensity measurement (Zhang et al., 2015) ; and ii) strain selective, certain kinds of ERBRs usually have high endogenous enzyme activities, such as AP and β-galactosidase (Jiang et al., 2008) . GFP, characterized by its direct visibility, is widely used from bacterial to mammalian cells (Davis and Vierstra, 1998; Dooley et al., 2004; Ducrest et al., 2002; Leveau and Lindow, 2001 ). This kind of reporters relies on spontaneous fluorophore without cofactors added, facilitating high throughput when combined with flow cytometry (e.g., fluorescence-activated cell sorting, FACS) (Ducrest et al., 2002) . However, formation of the chromophores strictly relies on oxygen (Drepper et al., 2007; Jiang et al., 2008) , which hinders its application in anaerobic biological systems. Targeting this challenge, Drepper et al. (2007) constructed FMNbased fluorescent proteins (FbFPs) to allow in vivo labeling without oxygen, which provides a fluorescent reporter system in anaerobic bacteria (Lobo et al., 2011) .
Here we report a simple and robust system for screening of promoters (constitutive or inducible) based on fluorescence intensity of FbFP in C. cellulolyticum H10. Moreover, based on transcriptomic data in our previous study (Xu et al., 2013) , several promoters with different transcriptional activities were cloned and fluorescence intensities of FbFP were compared. The correlation efficient between fluorescence intensity and abundance of FbFP protein was high (R 2 = 0.87). Compared to the enzymatic-reaction-based methods for promoter screening in anaerobic bacteria, this approach is much easier, more rapid and can potentially be extended to other bacterial species including thermophilic bacteria. Furthermore, two native and valuable promoters, including a highly efficient constitutive one and a D-xylan-inducible one, exhibit outstanding performance in the FbFP-fluorescence based screening. The methods and tools introduced in this study should enable new applications that explore genetically engineered C. cellulolyticum and related clostridia.
Materials and methods

Strains, plasmids and growth conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli DH5α was used as the host strain for routine cloning and incubated at 37°C in Luria-Bertani (LB) medium. C. cellulolyticum ATCC 35319 (H10) was routinely cultured anaerobically in Hungate tubes at 33-35°C in DCB-1 medium (Loffler et al., 1996) supplemented with 3.0 g/L of D-cellobiose as the sole carbon source (default carbon source unless otherwise stated). The medium for cultivation was depleted of oxygen in Anaerobic Chamber (COY, USA) using resazurin (0.0005% g/L) as the indicator and then sterilized at 121°C for 20 min. Bacterial culture was inoculated using injection syringe. A shuttle vector, pMTC6, which contains a fluorescence protein gene (fbfp) from Pseudomonas putida, was used for detection and quantification of promoter activity in C. cellulolyticum (Cui et al., 2012) . Competent cells of C. cellulolyticum were prepared by washing cells with electroporation buffer (pH = 7.4; 5 mM PBS buffer, 1 mM MgCl 2 , 0.27 M sucrose) at the late-exponential phase, followed by electrotransformation in 0.1 cm electroporation cuvette using 100 μL competent cells (BTX ECM630; 750v, pulse duration~6 ms) (Guedon et al., 2002) . Transformants were screened on agar plates based on their resistance to erythromycin. Plates were placed in AnaeroJar (BD GasPak, USA) with AnaeroPack-Anaero (MGC, Japan) added for oxygen removal at a 35°C incubator. When required, the media for E. coli and C. cellulolyticum were supplemented with 100 μg/mL ampicillin or 20 μg/ mL erythromycin, respectively.
DNA manipulation
Isolation and manipulation of recombinant DNA were performed using standard techniques. DNA was amplified by PCR using synthetic oligonucleotide primers and Expand High-Fidelity polymerase (Roche, China) (the PCR primers are listed in Table 2 ). PCR products of various promoter regions were purified with a Nucleospin extract purification kit (OMEGA, Beijing, China) and digested with restriction enzyme PstI and MluI. Then the digested fragments were respectively ligated to the Table 1 Bacterial strains and plasmids used in this study.
Strains and plasmids Relevant characteristic(s)
Source or reference Strain Escherichia coli DH5α
supE44λ-thi-1 gyrA96 relA1 phoA shuttle vector pMTC6 which was digested with the same enzymes, resulting in the replacement of the original pthl promoter (promoter for FbFP on pMTC6) by various PCR fragments (as described above). Using wild type C. cellulolyticum H10 as the host, all of the pMTC6 derivatives (pXL005, pXL006, pXL007, pXL008, pXL009, pXL010) were MspI methylated and then electro-transformed anaerobically as described in previous studies (Tardif et al., 2001; Guedon et al., 2002) . All the transformants were isolated on selective solid medium (DCB-1) containing 20 μg/mL erythromycin.
Growth measurements
Two methods were involved in growth measurements. One is the traditional method of optical density measurement at 600 nm (A 600 ), and the other is cellular protein concentration determination. For the latter method, cells were lysed in NaOH/SDS solution (according to alkaline lysis procedure), and the protein concentration in the supernatant was estimated using BCA Protein Assay Kit (Sangon, China) with BSA as standards after cell debris were pelleted and removed (especially when cells were cultivated in insoluble carbon sources). Growth measurements for the two methods were each performed in three biological replicates.
Identification of FbFP protein by LC-MS
One hundred and fifty microgram of each cytoplasmic extract of ultrasonically broken cells was diluted in PBS (pH = 7.4) buffer and denatured in loading buffer before separating on a 15% acrylamide SDS-PAGE gel (Laemmli, 1970) . Proteins were visualized by Coomassie Brilliant Blue staining (Wong et al., 2000) . Then the procedure was as follows: i) Decoloration. The band of target protein was firstly cut into 1 mm 3 size each, placed in an EP tube, and washed with 400 μL 100 mM NH 4 HCO 3 /30% ACN until the gel was totally decolorized. Then the supernatant was discarded and the gel freeze-dried; ii) Washing. Proteins were reduced and alkylated by successive incubation in 100 mM NH 4 HCO 3 and 100 mM DTT for 30 min at 56°C, and in 100 mM NH 4 HCO 3 and 200 mM iodoacetamide (IAA) for 20 min in a darkness at room temperature. An additional cycle of washing in NH 4 HCO 3 and NH 4 HCO 3 /ACN was performed and then the proteins were freezedried; and iii) Digestion. Proteins were digested by incubating the gel slices in 50 μL modified porcine trypsin solution (10 ng/μL in 50 mM NH 4 HCO 3 ; Promega, China) at 4°C for 30-60 min. Trypsin digestion was performed overnight at 37°C for about 20 h. The peptide mixture was centrifuged at 4°C, 12,000 rpm, 20 min, and then the supernatant was transferred into an intubation tube (about 20-40 μL) and stored at − 80°C for further qualitative analysis by LC-MS (Thermo Fisher LTQ XL, USA).
Relative quantification of FbFP protein
The SDS-PAGE gel was relatively quantified by Gel Imaging System (Bio-Rad GelDoc XR) with a spectrum (representing total protein) generated for each gel lane. Then each spectrum was subtracted by that of a blank lane and baseline corrected in the software LabSpec 5 (Horiba Scientific, France). Percentage of the targeted protein was calculated by dividing peak area of targeted protein by total area of the spectrum.
Screening of promoter activity based on fluorescence intensity
Each of the FbFP promoter harboring strains was 1:100 inoculated into certain substrates (3 g/L sugars, including D-cellobiose, D-xylose, L-arabinose, D-glucose and D-xylan) for pre-adaptation before fluorescence intensity measurement (Xu et al., 2013) . Cell pellets (late-exponential phase) cultivated in triplicate on each carbon source were washed once with 0.01 M PBS buffer (pH = 7.4, NaCl 137 mmol/L, KCl 2.7 mmol/L, Na 2 HPO 4 10 mmol/L, KH 2 PO 4 2 mmol/L), then resuspended in 1.5 mL PBS for fluorescence intensity measurement. The excitation and emission wavelengths of FbFP were firstly verified and determined at 452 nm and 495 nm (Fig. S2) , respectively, with other parameters set as integration time 5 s, delay time 0.1 s and PMT Voltage 950 V (Drepper et al., 2007) . This verification was carried out for three times. Finally, fluorescence intensity at 495 nm was normalized by the corresponding A 600 or total protein concentration for each sample with that of wild type cells as the baseline.
2.7. Analysis of inducible promoter C. celllulolyticum strain P1133 (with plasmid pXL007) was recovered and cultivated at 33-35°C till the late-exponential phase with 3 g/L Dcellobiose as the sole carbon source. Then the culture was inoculated at 1:100 ratio into dozens of 10 mL Hungate tubes (D-cellobiose as the carbon source). The inoculum were cultured for about twenty hours until the early-exponential phase (~A 600 = 0.2), followed by induction with different concentrations of D-xylan. Triplicate cells cultures supplemented with D-xylan were collected at 0 h, 2 h, 4.5 h, 10.5 h and 20 h, chilled on ice, and subjected to fluorescence measurement.
Results and discussion
Expression of FbFP in C. cellulolyticum H10
A reliable fluorescent reporter system was the premise for effective screening of promoter activities. The C. cellulolyticum-E. coli shuttle vector pMTC6 harbors the fbfp gene from P. putida driven by the pthl promoter (thiolase gene promoter from C. acetobutylicum) (Cui et al., 2012) (Fig. 1A) . To confirm the expression of fbfp, green fluorescence was examined by the BlueStar flashlight package (NightSea, UK) (Li and Wolf, 2011) . As expected, fluorescence was only detected in the C. cellulolyticum harboring pMTC6, but not in the wild-type strain (Fig.  1B) . Meanwhile, the protein product of fbfp (FbFP,~16 kDa) was only obtained in pMTC6-harbored cells on the SDS-PAGE gel, indicating successful expression of fbfp (447 bp) (Cui et al., 2012) (Fig. 1C) . In addition, results from LC-MS confirmed the correct sequence of FbFP (Drepper et al., 2007) , demonstrating the expression and reliability of the green fluorescent reporter system (Fig. S1 ).
FbFP, due to its oxygen independence, is suitable for evaluating promoter activity in the anaerobe C. cellulolyticum and probably other strict anaerobes. Compared to other reporter genes that are widely used such as AP (Shiraiwa et al., 2007) , LacZ (Feustel et al., 2004; Thormann et al., 2002; Tummala et al., 1999) , CAT (Nariya et al., 2011) , GusA (Banerjee et al., 2014; Girbal et al., 2003; Hartman et al., 2011) and GFP (Shiraiwa et al., 2007; Yarbrough et al., 2001; Zhao et al., 2005) , FbFP has many advantages. Firstly, due to the spontaneous fluorophore, FbFP can be directly visualized and easily measured in situ, while other enzymatic reaction based reporters (ERBRs) typically function in a more complicated manner. For instance, GusA activity measurement requires cellular extract preparation, substrate degradation and reaction quantification (Dong et al., 2012) . Secondly, employing FbFP as the reporter avoids the interference of measurement by endogenous enzyme activity. On the other hand, there are certain limitations for FbFP. For example, although the oligomeric state of FbFP is found insensitive to ionic strength (Mukherjee et al., 2013) , fluorescence of FbFP becomes much lower when E. coli cells were cultivated in LB medium with lower than 0.08 M NaCl (unpublished data). Such underestimation of fluorescence intensity resulted from low NaCl concentration can be avoided by washing via PBS buffer for each sample before fluorescence measurement.
Fluorescence stability of FbFP
In order to compare activities of promoters, fluorescence intensities of C. cellulolyticum cells were monitored during the whole cultivation period of 48 h, and normalized in two ways: cell optical density at 600 nm (A 600 ) and protein concentration (protein con.) ( Fig. 2A) . Meanwhile, the trend of fluorescence intensity without normalization was in accordance with the above two parameters in FbFP harboring cells (Fig.  2B) , suggesting another way for tracking bacterial growth that is via fluorescence. Furthermore, fluorescence intensity of FbFP-harboring cells was found to be relatively stable between 20 h to 40 h for in situ measurement (normalized by cell density), while a longer period of fluorescence stability was apparent via the measurement of cellular extracts (normalized by protein con.) (Fig. 2C) . In addition, for in situ fluorescence measurement, stability of fluorescence was further confirmed for an extended 20 h after cell sampling, in order to test the variation resulted from sampling. The result revealed no significant variance of fluorescence intensity from 0 h to 20 h ( Fig. 2D ; p = 0.37 (p N 0.05); Kruskal-Wallis Rank Sum Test in R 3.03; n = 3), indicating the reliability and stability of fluorescence.
The two ways for fluorescence intensity measurement, in situ (fluorescence normalized by A 600 ) or cell extracts (fluorescence normalized by total protein con.) were compared. The former was more advantageous in terms of convenience and simplicity, while the latter was more stable for fluorescence intensity measurement. One possible reason for the instability of fluorescence normalized by A 600 during the first 20 h is the variation of optical density for the small number of cells. Thus the fluorescence of cells might be measured in situ till midor late-exponential phase. Furthermore, the long period of stability of fluorescence intensity detected based on the above two methods might be due to the excellent intrinsic stability of FbFP, which is reported to be stable under various stresses (e.g., thermal stress that is up to 60°C; pH 4-11 (Mukherjee et al., 2013) ). Moreover, fluorescence intensity measurement of FbFP was substrate-independent and could be carried out without strict condition, which was more advantageous than ERBRs, which were mostly substrate-dependent and had to be carried out under strict enzyme-reaction condition (e.g., temperature, mostly 37°C (Nariya et al., 2011; Zhang et al., 2015) or 65°C (Thormann et al., 2002) ). In addition, since FbFP functions as a kind of "GFP", the method described in this study has great potential for high throughput screening of promoters in anaerobic organisms, such as the use of FACS for screening promoters of high activity in Corynebacterium glutamicum (Yim et al., 2013) . Thus FbFP is promising as a reporter to monitor promoter activities.
Analysis of promoter activity based on FbFP fluorescence intensity
The stability of FbFP suggests its suitability as a reporter for screening promoters. From our previously published transcriptome datasets for C. cellulolyticum cells cultivated on various carbon sources (Xu et al., 2013) , six promoters with relatively high transcriptional activities under any of the carbon sources were selected as candidates for promoter screening. Each of them was cloned into pMTC6, resulting in the replacement of pthl (Table 1 ). The transformants obtained were subjected to both fluorescence intensity and FbFP abundance quantification, with the latter quantified via SDS-PAGE (Fig. 3A) . The observed fluorescence intensity and the FbFP abundance was closely correlated (R 2 = 0.87; Fig. 3B ), suggesting the reliability of FbFP as reporter.
However, a number of factors might impact the accuracy of promoter activity measurement. i) Plasmid copy number, the possibility of fluorescence variation due to plasmid copy number could be eliminated by employing of same situation for plasmid replication. Plasmids used in this study were derived from the same origin, with the same replicons and hosting bacteria (Abdou et al., 2008) ; ii) Cell status, fluorescence stability during the whole cultivation time, indicating no significant effects of cell division on fluorescence intensity (population level) and iii) Translation efficiency, consistency of SD sequence (and the sequence between SD sequence and the initiation codon (ATG)) among strains might contribute to the expression variation of FbFP.
Characteristics of two types of promoters in C. cellulolyticum
Based on the results of promoter activities, two native promoters (p3398 and p1133) with the highest and lowest fluorescence intensity on D-cellobiose were further studied under several carbon sources (3 g/L; D-cellobiose, D-xylose, L-arabinose, D-glucose and D-xylan) until late-exponential phase. The relative fluorescence intensity of P1133 (cells harboring promoter p1133 for FbFP) varied greatly (CV = 0.808; n = 3) among different carbon sources, with the highest being under D-xylan and the lowest under D-cellobiose. However, that of P3398 (cells harboring promoter p3398 for FbFP) was found to be relatively stable among these substrates, exhibiting activity that is~1.5-fold higher than pthl (a constitutive promoter with high activity derived from C. acetobutylicum and widely used in clostridia) (CV = 0.098; Fig. 4A ; S3; n = 3). These results suggested that p1133 might be a substrate-inducible promoter, while p3398 might be a highly efficient constitutive promoter in C. cellulolyticum.
Considering the significance of controllable gene regulation in genetic engineering and synthetic biology, efficiency and stringency of the inducible promoter p1133 were explored by a time-course induction experiment. As fluorescence intensity of FbFP as driven by p1133 was approximately 20 times higher when grown on D-xylan than that on D-cellobiose (Fig. 4A) , we examined the fluorescence intensity from 0 h to 20 h after the addition of different amount of D-xylan. Under low concentrations of D-xylan induction, such as 0.001 g/L or 0.01 g/L, the fluorescence intensity increased significantly (~7 fold) after 4.5 h, but decreased after 10 h due to the exhaustion of D-xylan. Furthermore, with the increase of inducer dosage, the fluorescence intensity increased over 20 h (Fig. 4B) . These results indicated that D-xylan functioned as not just an inducer but also a carbon source. Thus, considering the cost and time, a~10-fold increase of fluorescence intensity with 0.001 g/L D-xylan for 4.5 h' induction is more suitable for applications.
Although the lactose-inducing system is widely used for gene expression regulation in bacteria, it is of low efficiency in Clostridium strains, which might be due to the inability to utilize lactose or galactose (Banerjee et al., 2014; Hartman et al., 2011) . The D-xylan inducible system developed in this study is significant for a number of reasons. Firstly, the discovery of D-xylan inducible promoters has expanded the scope of inducible genetic elements in clostridia. Secondly, as D-xylan can be degraded by xylanase into xylose which showed much lower inducibility to p1133 than D-xylan, it should be possible to realize controlled induction. In contrast, induction by other monosaccharides such as Larabinose (Zhang et al., 2015) and D-xylose (Nariya et al., 2011) can be more difficult to control as they are directly consumed by the cell. Furthermore, since the promoter was endogenous, without introducing the regulatory elements, there is no need to introduce new regulatory elements into C. cellulolyticum.
On the other hand, several limitations are apparent: i) stringency, it was suggested that for an optimal inducible expression system, promoter should be highly activated upon induction and efficiently repressed in the absence of inducer (Pyne et al., 2014) . Stringency of p1133 to Dxylan was not perfect due to a certain level of background as observed on non-inducer (such as D-cellobiose). However, such a "leaky" feature can be exploited in the study of lethal or essential genes by replacing their original promoters with p1133. Moreover, by dissecting the mechanism of this inducible system, stringency of the promoter can be improved by genetic engineering p1133 sequence; and ii) the range of application, in this work, fluorescence intensity of P1133 cells was found to correlate with the dosage of D-xylan (i.e., 0.001 g/L or 0.01 g/L D-xylan) (Fig. 4B) , indicating that D-xylan was utilized as a carbon source in C. cellulolyticum. Similar to other inducers widely used in clostridia (i.e., arabinose (Zhang et al., 2015) ), application of this inducible system is likely restricted to those species capable of D-xylan utilization (e.g., the existence of ATP-binding cassette transporter for D-xylan or its degradation products (Xu et al., 2013) ).
In contrast to inducible promoters, constitutive promoters also play key roles in metabolic engineering for its high activity under various conditions. p3398, a native constitutive promoter in C. cellulolyticum, exhibit higher promoter activity than pthl (a strong constitutive promoter in C. acetobutylicum (Tummala et al., 1999) ) indicated by the fluorescence intensity, suggesting its potential use in other Clostridium strains due to its high efficiency.
Concluding remarks
In this work, we employed FbFP as a reporter and developed a new method for screening promoters in C. cellulolyticum. This method is advantageous due to its rapidity, simplicity and stability in fluorescence measurement. The method can be used not just for screening promoters but also for evaluation of other transcriptional regulatory components such as operator sequences or SD sequences in this and related cellulolytic bacteria. Moreover, two endogenous promoters with exceptional performance were identified and characterized, including a constitutive promoter p3398 and an inducible promoter p1133. They should serve as valuable tools for engineering of C. cellulolyticum or other clostridia for enhanced cellulolysis and biofuel production.
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